Most proteolytic cleavages within the picornavirus polyproteins are carried out by viral protease 3C. For encephalomyocarditis virus, the protease 3C-catalyzed processing occurs between Gln-Gly or Gln-Ser amino acid pairs which are flanked by proline residues, but the sequence-specific constraints on recognition and cleavage by the enzyme are not completely understood. To examine alternative cleavage site sequences, we constructed a cDNA plasmid which expresses the viral L-P1-2A capsid precursor in vitro and introduced site-specific mutations into the Gln-Gly pair at the VP3/VP1 junction. The altered protein substrates were tested for cleavage activity in assays with protease 3C. The encephalomyocarditis virus 3C processed Gln-Ala as efficiently as its natural sites but did not cleave Gln-Val, Gln-Glu, Lys-Gly, Lys-Ala, Lys-Val, Lys-Glu, or Pro-Gly combinations. Displacement of the flanking proline residue by an engineered insertion slowed but did not prevent cleavage at this site. Also, a mutant defective in processing at the VP3/VP1 junction was unable to form 14S pentameric assembly intermediates in vitro.
Encephalomyocarditis (EMC) virus is the prototype of the cardiovirus subgroup of picornaviruses. Its genome consists of a single strand of messenger-sense RNA (16) . Viral proteins are expressed from a large open reading frame encoding a giant precursor protein (approximately 255,000 daltons [Da] ) which is processed through a series of proteolytic cleavages to produce both capsid and nonstructural proteins (4, 10) . Most aspects of the viral life cycle, from replication to assembly, are controlled by the cleavage cascade. The processing events can be divided into three phases: a cotranslational primary cleavage which releases the capsid precursor from the growing polypeptide chain, a series of sequential polyprotein cleavages catalyzed by viral protease 3C, and a final capsid maturation cleavage occurring as the last step in virion assembly after association of the viral RNA with the protein shell (5, 10, 13, 23) .
Most of these processing events are carried out by the 3C enzyme (3, 10) . 3C is a cysteine-type protease (1) which is capable of monomolecular self-cleavage reactions within the P3 region precursors (3ABCD to 3AB, 3C, and 3D) (14, 19) and also responsible for bimolecular processing steps within the P1 and P2 regions of the polyprotein (3, 13, 24) . For the EMC virus 3C protease, cleavage of the polyprotein normally occurs between glutamine-glycine or glutamine-serine amino acid pairs which are usually flanked by proline residues (12) , but the mechanism which limits 3C protease processing to specific sites is not known.
We have developed a cell-free system for the analysis of cardiovirus processing events based on cDNA clones which encode defined portions of the EMC virus genome, including an active 3C protease (15) . As a convenient source of capsid region substrate, we have also constructed a plasmid which efficiently expresses the L-P1-2A precursor protein in vitro.
To examinle the sequence-specific constraints on the 3C enzyme, site-specific mutations were introduced into the glutamine-glycine pair at the lC/lD cleavage site and tested for their effects in cell-free protease assays. * Corresponding author.
MATERIALS AND METHODS
Nomenclature. EMC virus proteins are designated by the standard L-4-3-4 format (18) except for viral capsid polypeptides 1AB (VPO), 1C (VP3), and 1D (VP1), for which the traditional nomenclature is used interchangeably. Capsid precursor L-P1-2A was previously referred to as Al. EMC virus 3C protease purification fractions F2 and F4 have been described elsewhere (15) . Briefly, EMC virusinfected HeLa cell lysate was clarified by high-speed centrifugation (F2), and the protein in the resulting supernatant was fractionated by ion-exchange chromatography. The 3C protease-containing protein eluted by 0.35 M NaCl was further fractionated by gel filtration chromatography (F4). Fluorograms of the F4 fraction revealed a single radiolabeled 3C protease band.
Proteolytic cleavage site nomenclature follows that outlined by Kraut (6) . A site is generalized as . .P2-Pl-Pl-P2'. . ., where scission occurs at the peptide bond between the P1 and P1' residues. Construction of plasmid DNA. Restriction enzymes, T4 DNA ligase, and the Klenow fragment of DNA polymerase I were purchased from New England BioLabs, Inc. DNA manipulations were done by standard procedures (9) . All bacterial transformations were to ampicillin resistance, with Escherichia coli HB101 or C600.
Plasmid pE13 encodes the complete L fragment sequences of EMC virus, and its construction will be described in detail elsewhere (G. Duke and A. Palmenberg, manuscript in preparation). Briefly, pE13 contains EMC virus-specific sequences ranging from base 320 near the viral poly(C) tract to the 3' poly(A) tail. The EMC virus fragment was derived by primer extension with reverse transcriptase on virion RNA and is contained within a pSPT18 parental vector (Pharmacia Fine Chemicals). Plasmids pE3T11 and pEM3 have been described elsewhere (12, 15) .
To construct clone pE5lD2A, DNA from pEM3 (12) Likewise, clone pESA1K was constructed from pESA1 (4 ,ug) . However, after digestion with MstII, the four deoxynucleotides were added to a final concentration of 0.4 mM, and the sample was incubated at 22°C for 20 min with 10 U of DNA polymerase Klenow fragment and then precipitated with ethanol. The resulting pellet was dissolved in buffer and treated with ligase, as described above, before it was used in transforming bacteria. Plasmid DNA contained within ampicillin-resistant colonies was screened for loss of the MstII site, and a representative construction was confirmed by dideoxynucleotide sequencing (12) .
Site-specific mutagenesis. Oligonucleotide-directed mutagenesis was done essentially as described elsewhere (26) . The 557-bp XbaI fragment, which encodes the EMC virus 1C/1D cleavage site, was excised from pESA1 by digestion with XbaI and purified by gel electrophoresis before insertion into the XbaI site of the replicative form of M13mpl9. The orientation of the insert was such that the singlestranded bacteriophage DNA contained EMC virus-coding sequences. After plaque purification, the phage DNA was enriched in uracil (7) by infection of Ung-Dut-bacteria (E. coli RZ1032; gift from D. Lichtenstein). After uracil enrichment, phage DNA (0.5 ,ug) was used as a template for in vitro mutagenesis by primer extension with 5 U of DNA polymerase Klenow fragment, 6 U of T4 DNA ligase (22°C, 2 h), and a synthetic oligonucleotide (3 to 30 pmol, 3'-CCTCGG GANTTCMTCATCTTTTGC-5', where N is G, C, or T and M is C, A, T, or G). The underlined T within the primer sequence was incorporated to destroy the MstII restriction site and was used to distinguish wild-type from mutant DNA in the subsequent cloning steps. After transformation of E. coli JM101 with the double-stranded DNA, resulting phage isolates were screened by dideoxynucleotide sequencing and the desired M13 recombinants were plaque purified. The frequencies of primer-generated single and double mutants were approximately 80 and 10%, respectively. When necessary, a second round of mutagenesis was carried out as before by using the same primer mix with uracil-enriched mutant DNA.
The mutant EMC virus fragments were excised by XbaI digestion of the replicative form of M13 and substituted for the corresponding wild-type sequences in pESsub (a subclone containing the EMC virus VP3-2A region within a pSPT18 vector). After confirming the orientation of the subcloned XbaI insert, the 1,100-bp fragment which encoded the mutant cleavage site was removed from pE5sub by digestion with SpeI and AccI, purified by gel electrophoresis, and inserted in place of the corresponding sequences of pESA1 for expression. The site-specific mutations within the resulting pE5A1-derived clones were reconfirmed by sequence analysis before use in protease assays.
In with phenol-chloroform (1:1) and precipitated with ethanol. The resulting pellets were dried under vacuum and dissolved in 10 ,ul of water.
A portion (2 to 3 ,lI) of the transcription products was used to program cell-free translation (30-,ul reaction) in reticulocyte extracts (22) .
[35S]methionine (1,100 Ci/mmol) was included at a concentration of about 1 ,uCiIul. EMC virion RNA was isolated as described previously (17) . All reactions were terminated at the desired time by adding cycloheximide and pancreatic RNase (0.33 mg/ml each).
Sucrose gradient analysis of capsid assembly intermediates. Cell-free protein synthesis directed by RNA transcripts from plasmids pE5A1 and pE5A1M was carried out as described above. Translation extracts (25 pLl, approximately 7 x 106 acid-insoluble cpm) were mixed with 10 pI of nonradiolabeled 3C protease produced by in vitro translation of RNA transcripts from clone pE5P3 (15) . After incubation (22 20% (wt/wt) sucrose gradients, and centrifuged exactly as described previously (11) . Fractions (350 ,ul) were collected from the bottom of the tubes, and portions (75 p1) from each fraction were assayed for trichloroacetic acid-insoluble radioactivity (11) .
Gel electrophoresis. Analytical polyacrylamide gel electrophoresis was carried out as described previously (13) except that the N,N'-methylenebisacrylamide concentration was increased from 0.2 to 0.26% (wt/vol) to aid in the separation of viral proteins 1D and 3ABC. Radiolabeled proteins were visualized by autoradiography of dried slab gels (13) .
RESULTS
Synthesis of clone-derived L-P1-2A substrate. We constructed a cDNA plasmid encoding the EMC virus L-P1-2A capsid region precursor. The key elements of pE5A1 (EMC virus, 5' noncoding, plus Al protein) are outlined in Fig. 1 . This plasmid contains EMC virus-specific sequences which extend from the 3' side of the viral poly(C) tract (base 320) to the middle of the 2B protein-coding region (base 4220). Plasmid (4, 13, 22) . Protein precursors produced from pE5A1 were tested for the ability to be processed by 3C protease in assays with purified fraction F4 protease (15) . The resulting capsid region profile, including peptides P1-2A, P1, 1ABC, 1AB, 1D, 1C, 2A, and L, was nearly identical to that produced by cell-free translation of EMC virion RNA (Fig. 2, lanes 2, 3 , and M). Thus, L-P1-2A, produced from pE5A1, is accurately processed by exogenous 3C enzyme. Interestingly, incubation with protease fractions sometimes also resulted in the disappearance of protein p8 from the gels (e.g., Fig. 2 , lane 7 and Fig. 6, lanes 2 and 4) . We do not know the agent responsible for this loss (possibly 3C protease), but we suspect that the 2B-derived protein fragment may simply be unstable during prolonged reactions.
Effect of insertion or deletion of amino acids at a 3C cleavage site. The nucleotide sequence of EMC virus cDNA contains a unique MstII restriction site in the region encoding the 1C/1D cleavage point (Fig. 3) (12) , a junction known to be processed by the 3C protease (13) . The amino acids at this cleavage site (Pro-Gln/Gly-Val) have been identified for mengovirus, a closely related cardiovirus (25) . By taking advantage of the MstII site within pE5A1, we produced modified plasmids which express L-P1-2A protein precursors containing mutations at the IC/lD site.
The steps in the construction of pE5A1M and pE5A1K are outlined in Fig. 3 (Fig. 2 and 4) . Nonradiolabeled 3C protease was incubated with the clone-derived substrates, and the resulting cleavage products were analyzed by gel electrophoresis and autoradiography.
Processing of protein pESA1 (wild type [WTJ) yielded a detectable 1D band after 1 h of incubation with protease (Fig. 2, lane 2) . Under similar conditions, precursors from pE5AlM (minus Gln) showed no sign of cleavage at the lC/lD site (lane 5). Longer incubation (12 h) with purified 3C protease (lane 6) or with highly active fraction F2 protease (lane 7) also failed to produce 1D protein with substrates from pE5A1M. Rather, the mutant processing profiles included an abnormal amount of precursor 1CD (Fig. 2,  arrow) , a protein usually seen in very low levels when WT capsid precursors are processed (lanes 3 and M) . The appearance of 1AB, L, and 2A in the mutant-directed samples indicates that only 1C/1D processing was inhibited by the engineered alteration. These experiments support the contention that the glutamine residue in the P1 position of the EMC virus lC/iD site plays an essential role in processing by the 3C protease (3) .
Clone pE5AiK was used to determine whether 3C protease could process a 1C/1D site containing an insertion which displaced the flanking (P2) proline residue. A typical time course of 3C protease-catalyzed reactions with precursor protein encoded by pE5A1 (WT) or pE5A1K (plus His) is shown in Fig. 4 Oligonucleotide-directed mutagenesis of the 1C/1D cleavage site. To further test the effect of cleavage site alterations on 3C protease activity, we employed oligonucleotide-directed mutagenesis to introduce specific substitutions into the P1 and P1' positions of the 1C/1D site. Mutants were generated in vitro by using M13 phage and synthetic primers. The Summary of capsid region cleavage site sequences tested for EMC virus 3C protease activity. Site-specific mutations were constructed at the 1C/1D proteolytic cleavage site (Gln/Gly). The altered capsid precursors containing P1 (Gln, Lys, or Pro) and P1' (Gly, Ala, Val, or Glu) combinations at this site were assayed for the ability to be processed (+ or -) in reactions with 3C protease (see the legend to Fig. 6 ). The Gln-Sera pair occurs naturally at the EMC virus lAB/iC junction and is included for completeness. The Pro-Glyb combination is the result of an engineered deletion and may not be directly analogous to the substitutions. ND, Not determined. primer mix (Fig. 5 ) was selected to maximize the variation in amino acid pairs which could be easily constructed. After isolation and characterization of the mutant clones by sequence analysis, protein precursors containing lC/lD substitutions were expressed in vitro and then tested for cleavage with 3C protease.
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Results with two such mutants are shown in Fig. 6 . Cell-free expression of the Gln-Ala (QA) and Gln-Glu (QE) isolates each produced proteins L-P1-2A and p8 (lanes 1 and  3) . However, subsequent reactions with 3C protease indicated a marked difference in the processing of these substrates. Cleavage of the 1C/1D site (appearance of 1C and 1D) was evident with the Gln-Ala sample (lane 2) but not with precursors containing a Gln-Glu (lane 4). A Gln-Ala but not a Gln-Glu therefore can function in vitro in place of the normal Gln-Gly pair.
Five other mutant dipeptide combinations were also isolated, characterized, and tested as substrates for 3C protease. These included Gln-Val, Lys-Gly, Lys-Ala, Lys-Val, and Lys-Glu pairs. The results of assays with precursors containing these mutations are summarized in Fig. 7 . None of the additional 1C/1D mutant combinations were cleaved at this site, giving processing profiles identical to that obtained with the Gln-Glu isolate (data not shown). For unknown reasons, we had difficulty isolating specific mutant combinations with glutamate in the P1 position. However, experiments designed to test the effects of glutamate substitutions as well as other dipeptide sequences are under way.
Cleavage at the iC/lD site is a prerequisite to assembly of capsid pentamers. One of the first steps in picornavirus capsid assembly is the formation of 14S pentameric structures by the association of five viral capsid protomers (1AB, 1C, and 1D) (2, 16) . Cell-free translation of EMC virion RNA produces 14S pentamers during prolonged incubation (11) . To determine whether capsid precursors defective in processing at the 1C/1D junction could also form 14S pentamers, proteins expressed from pE5A1M were assayed for assembly activity in vitro. Radiolabeled L-P1-2A capsid precursors were synthesized from RNA transcripts derived from pE5A1M or from pE5A1 and then incubated with nonradiolabeled 3C protease. The resulting cleavage profiles were analogous to those shown in Fig. 2 (lanes 3 and 7) . Samples were then fractionated on sucrose gradients (Fig. 8) to identify assembly intermediates.
In agreement with previous work (11), proteins derived from pE5A1 gave a large promoter peak (5S), migrating slightly faster than the globin marker (4.2S) and a smaller peak of approximately 14S (Fig. 8A ). This 14S complex was composed exclusively of VPO, VP1, and VP3, as expected for authentic capsid pentamers (Fig. 8C) (11, 16 ). In contrast, the sample derived from pE5AiM yielded only a protomer peak, with no detectable 14S material (Fig. 8B) .
DISCUSSION
The cleavage reactions in the capsid region of EMC virus are catalyzed by the 3C protease (4, 13, 15) . As a convenient source of substrate for the analysis of these reactions, we constructed a cDNA clone which expresses the viral L-Pl-2A precursor in vitro. Previously, cardiovirus capsid region substrates were obtained by stopping cell-free translations of virion RNA after short incubation periods, a method requiring precise timing and the addition of inhibitors to prevent synthesis of 3C protease (13, 22) . We have seen no evidence for the spontaneous processing of clone-derived L-P1-2A into P1-2A or P1, as reported with precursors obtained from limited translations (21) . Since cleavage of the leader protein (L) from L-P1-2A is now known to be catalyzed by 3C protease (15), we suggest that small amounts of P3 region proteins could have contaminated these previous preparations.
Plasmid pE5A1 contains EMC virus sequences spanning the 2A/2B primary cleavage site. Cell-free expression of these sequences produced the proteins expected from accurate primary cleavage, providing direct experimental evidence that this cardiovirus cotranslational scission does not require any proteins encoded downstream of 2B. The primary EMC virus cleavage event occurs by a mechanism different from that of poliovirus (4, 10, 23) , and although we have not yet identified the agent responsible for the 2A/2B scission, our clones now provide an excellent cell-free system for further study of this event.
Our analysis of EMC virus 3C protease cleavages in the capsid region has focused on the iC/iD junction for several reasons. First, for cardioviruses, the location of this particular 3C protease cleavage site has been confirmed by direct amino acid sequencing (25) . Second, within the normal EMC virus P1 region processing cascade, two 3C proteasedirected cleavages (L/P1 and P1/2A) invariably occur before the 1C/1D scission (4, 15, 21) , providing positive internal controls which assure that engineered alterations have not grossly distorted the L-P1-2A substrates. Third and most important, the position of a unique MstII restriction site within the DNA encoding the 1C/1D junction allowed the easy construction of two useful plasmid isolates containing an insertion and a deletion.
With one of these mutant plasmids (pE5AlK), we found that 3C protease could effectively process a lC/iD site where the flanking (P2) proline was displaced by an insertion, albeit at a somewhat slower rate than in reactions with WT sequences. Flanking proline residues are found at nearly all cardiovirus 3C protease-catalyzed cleavage sites (8, 12) . Our experiments with the histidine insertion mutant do not clarify whether a neighboring proline contributes to sequence or structural recognition by the enzyme, but they do show that exact proximity to the 1C/1D site is not essential. We are currently constructing site-specific substitutions at the P2 position of the 1C/1D site to directly test the influence of flanking residues on 3C protease processing.
Most picornavirus 3C protease-catalyzed cleavage sites have glutamine (or glutamate) in their P1 positions (3, 12) . Deletion of the glutamine codon from the IC/1D site of EMC virus L-P1-2A prevented processing at this junction. Likewise, site-specific mutations which substituted lysine for glutamine inactivated this site. Although we tested only a few P1 mutations (Lys and Pro), our data are consistent with sequence-specific constraints (Gln or Glu?) on residues at this position.
In contrast, results obtained with mutants encoding substitutions at the P1' position indicate that the specificity at this location may be somewhat more flexible. When the normal glycine residue was replaced by alanine, efficient cell-free IC/1D processing still occurred, even though this amino acid does not appear naturally at any EMC or mengovirus 3C protease cleavage site (8, 12) . Unrestrained substitution is not permissible, as P1' mutations encoding valine or glutamate inactivated 1C/1D processing. We suggest that P1' sequence constraints at functional EMC virus 3C protease sites are probably limited to small, uncharged amino acids (Gly, Ala, or Ser). The P1' residue alone is not sufficient to define a cleavage site, however, since Lys-Ala and Lys-Gly mutants were inactive in our assays. Therefore, activity is clearly dictated by acceptable amino acids at both the P1 and P1' positions (Fig. 7) . It is important to emphasize, however, that our results reflect the analysis of the EMC virus 1C/1D junction and may not necessarily hold true for other 3C protease cleavage sites.
The 3C protease-catalyzed proteolytic cascade within EMC virus capsid precursor proteins normally occurs in a defined stepwise manner, with sequential release of L, 2A, 1D, and then 1AB plus 1C (4, 21, 22) . While testing our defective substrates for activity, it was somewhat surprising to detect efficient lAB/iC cleavage, a reaction usually preceded by iC/iD scission (15) . The mechanism by which the ordered steps are selected is still unknown, but is is now apparent that the usual in vitro 3C protease processing pattern for this region is preferential but not obligatory.
Proteolytic processing has been suggested to play an important role in the formation of picornavirion capsid structures (2, 16) . Although no EMC virus capsid assembly intermediates composed of uncleaved P1 proteins have ever been isolated, direct evidence for a cleavage prerequisite to assembly was never completely established. We have tested this hypothesis by using mutant pE5A1M (minus Gln), which produces capsid precursors defective in iC/iD processing. The P1 and 1AB plus 1CD cleavage products, produced by 3C protease processing of pE5A1M-derived proteins, were unable to form stable pentameric assembly structures, one of the first steps in capsid formation (16) . The results are in complete agreement with crystallographic data from picornavirus virions, indicating that interaction of the processed ends may be critical for pentamer stability (2, 8) .
